The UCSC Cancer Genomics Browser (https://
INTRODUCTION
Cancer has many different molecular mechanisms to disrupt cellular pathways, which result in uncontrolled cell proliferation (1) (2) (3) . Fortunately, development of high-throughput genomic technologies in recent years has greatly increased the amount of data available to researchers to investigate these mechanisms. Not only have the number of patients which have genomic data increased, but also the amount and type of data available per patient has grown. In addition, valuable clinical information from patients and their tumors are often available to researchers alongside of these genomic information.
Despite this wealth of data, analysis of the cancer genome can be challenging due to the limitations in current technologies to visualise, integrate, compare and analyse cancer genomics data. These data, and the conclusions they support, must be presented in a coherent system for display and analysis as well as be accessible to the scientific and medical communities. The UCSC Cancer Genomics Browser (https://genome-cancer.ucsc.edu) was developed to display these expanding data sources in an integrative, interactive and versatile way as well as help facilitate comprehensive analysis of cancer genomics and its associated clinical data (4) .
The browser is a web-based tool to integrate, visualise and analyse genomic and clinical information. Experimental measurements for multiple samples are displayed alongside their associated clinical information. Multiple datasets can be viewed simultaneously allowing comparison across studies and between different data types, such as gene expression and copy number variation. The browser provides interactive and dynamic views of the data from whole-genome to base-pair scale resolution, as well as zooming to a subset of samples. Users can interactively group samples by common clinical features such as response to chemotherapy, or by genomic signatures that predict response to a drug. Viewing genomic data by genes allows users to easily see functional changes to the genome as well as examine trends across pathways of genes. Several statistical tools are available making it possible to obtain quantitative results dynamically. Additionally, the Tumor Image Viewer, based on Google Maps, allows users to interactively view slides of tumor tissue samples.
The browser currently contains 355 datasets corresponding to genome-wide experiments on 71 870 samples, most of which are from The Cancer Genome Atlas project (TCGA, https://tcga-data.nci.nih.gov/tcga/) (5) . Data on the website are updated periodically to include the latest releases from TCGA and other projects. Currently, the browser holds 201 TCGA public-tier datasets from 22 TCGA cancer projects, data from the Cancer Cell Line Encyclopedia project (CCLE, http://www.broadinstitute. org/ccle/home) (6) , and 43 other published studies. The Google-maps-based microscope slide viewer has 2433 slides from TCGA.
A controlled access mechanism is also available for private data, and currently supports the Stand Up To Cancer breast cancer dream team (SU2C, http://www. standup2cancer.org/dream_teams/view/an_integrated_ approach_to_targeting_breast_cancer_molecular_ subtypes_and_th), I-SPY 2 TRIAL (Investigation of Serial Studies to Predict Your Therapeutic Response with Imaging And moLecular Analysis 2) (7), LINCS (Library of Integrated Network-based Cellular Signatures) (http://www.broadinstitute.org/LINCS/) (8) and other projects. The controlled access mechanism allows authorized users to view this private data alongside public data.
In the past 2 years, we have made significant changes to the browser including improving the user interface, as well as implementing user accounts, an online tutorial and better documentation. The data versioning system we developed this year, allows us to offer users the ability to download datasets. We also released a new Tumor Image Browser, based on Google Maps, that offers intuitive panning and zooming across microscope slide images.
NEW DATA

The Cancer Genome Atlas
We provide an open-access portal to view, analyse and download public data from TCGA. We have developed an automated pipeline that loads and processes data from TCGA, allowing it to be quickly downloaded from their servers and then displayed in the browser. This pipeline has greatly increased the number of datasets from TCGA we can load into the browser, which has allowed us to expand the cancers we have available to 22 cancer projects including breast, pancreas and lung cancer ( Table 1) .
New dataset types include GISTIC2 (9) estimated segmented copy number variation from the TCGA FIREHOSE pipeline. We display next-generation RNA Illumina HiSeq gene expression data, protein expression data assayed by reverse phase protein array technology, and DNA methylation profiles measured using the Illumina Infinium HumanMethylation450 platform. We also have datasets showing integrated gene activity level inferred using the PARADIGMLITE method. PARADIGM (10) is pathway analysis method to infer patient-or sample-specific genetic activities by incorporating curated pathway interactions with genomic measurements, such as gene expression and copy number data. PARADIGMLITE, a less computationally intensive version of PARADIGM, integrates different types of data on individual genes without incorporating the curated pathway interactions. The gene expression and copy number input data are shown in the accompanying evidence datasets. The clinical data, which is displayed alongside the genomic information, have also been updated with more readable clinical feature names and values. This allows for easier access for users who may not be familiar with the abbreviations used by TCGA. Figure 1 illustrates some of these more readable clinical feature names as well as a few of the new data types from TCGA. Figure 1 is a browser screenshot of some TCGA Glioblastoma multiforme (GBM) datasets showing differential copy number variation, gene expression and methylation for the glioma-CpG island methylator phenotype (G-CIMP). Viewing the whole genome copy number profile, users can easily see that the G-CIMP tumors display distinct copy number alterations, lacking the deletion of The browser also shows that G-CIMP samples are highly enriched in the proneural subtype, as described in the recent publication that identifies G-CIMP samples as a distinct subset of human gliomas on molecular and clinical grounds (11) . When viewing genes linked to survival outcome in GBM (12) we see that individuals with G-CIMP tumors have different gene expression and DNA methylation profiles compared with non-G-CIMP tumors, and a higher survival rate after treatment, as described in the recent publication (11) .
Cancer Cell Line Encyclopedia
Our newest public data are from the CCLE, a reference library containing primarily genetic and pharmacologic information from a large panel of human cancer cell line models (6) . The CCLE datasets includes genome-wide copy number and gene expression profile of the cell lines, mutations assessed in 33 genes, and pharmacological response to 24 anti-cancer drugs. These datasets are available to the public.
Stand Up To Cancer public datasets from the Gray lab
We are also displaying published copy number profile and gene expression levels of a collection of breast cancer cell lines from Joe Gray's lab at Oregon Health and Science University in association with SU2C (13, 14) . Response to 77 therapeutic compounds (GI50 scores), ER and HER2 receptor status, and other phenotypic information is shown in the clinical data.
NEW FEATURES
Website redesign
The largest new feature is a completely redesigned user interface ( Figure 2 ). In particular, we have focused on making the controls more obvious and intuitive, enhancing the readability of drawn text, and improving the responsiveness of the site by using more modern web technologies. Dataset selection has been moved closer to the top of the page, making it easier for users to find datasets of interest. All per-dataset controls have been moved to each individual dataset display, allowing direct configuration. Additionally, it is now easier and more natural to find or make user genesets and signatures. The user interface for the clinical heatmap has been dramatically improved allowing intuitive configuration of visible clinical features and subgroup construction based on clinical and genomic data.
In tandem with the updated interface, the browser now has an interactive tutorial which highlights much of the new functionality. Our software detects when a user last used the browser and automatically opens if new features have been added to the browser since they last visited. Additionally, the user guide was completely updated and FAQs were added.
New clinical heatmap features
In addition to updating the interface for the clinical heatmap, some new features were added. It is now possible to zoom in on a subset of samples by clicking and dragging within the clinical heatmap. This makes it easier to more closely examine a sample and its values. Clinical features are also now automatically sorted from left to right. To modify the sort order of the features in the heatmap, users click to move clinical features. Since sample order in the genomic and associated clinical heatmap is determined by the sort order of the clinical features, rearranging clinical features automatically triggers a vertical reordering of both heatmaps. This allows users to more easily explore phenotype and genotype associations using the browser. Additionally, subgroups are now displayed as a clinical feature, making it easier to sort samples by any subgrouping. 
Updated genes view
Users can view genomic data on a per-gene basis, where probes that map to the same gene are displayed together. To display DNA methylation data from platforms with many probes per gene, especially the Infinium HumanMethylation450 chip, we now render probes ordered left to right in the direction of transcription. Used in conjunction with chromosome view, this allows the user to easily see which section of a gene is methylated under genes view, allowing evaluation of DNA methylation in different genomic contexts, such as multiple promoter sites and in gene bodies (Supplementary Figure S1 ). The relationship between DNA methylation and transcription is more nuanced than first predicted, making it important to visualize exactly where in a gene the methylation is occurring (15) (16) (17) .
User accounts and website architecture
Previously, there were many browser installations at different websites for groups desiring private access to protected data. To reduce engineering overhead, a controlled access mechanism was put in place to restrict the display of certain data to authorized users. This mechanism relies on new backend architecture that allows us to provide the same level of security as private installations but is transparent to the user. As part of this, we implemented user accounts, allowing us to authenticate users. This new security system currently supports the SU2C breast cancer dream team, ISPY 2 TRIAL, LINCS project, and other projects.
Implementing user accounts resulted in two additional features. First, users who had access to multiple private installations can now view data from all of their projects together. This allows users to make connections across data sources. User accounts also allowed us to start saving user genesets and signatures. As we offer more new features, we hope to allow users to save other data as well, including bookmarks. Users do not need to be authorized to sign up for a free account or access public data; this service is open to everyone.
Data version control and downloads
When we constructed the TCGA pipeline, we concurrently implemented data freezes and data version control. This was done so users know what version of the data they are viewing and whether the data changed since it was viewed last. Users can also download the processed datasets for further analysis. These processed datasets can have advantages over the original data as they have been normalized and include clinical data curation.
Tumor Image Browser
Our previous Tumor Image Browser, hgMicroscope, has been replaced by a completely new Google-Maps based browser. Applying the Google Maps interface to tumor images has made exploring a microscope slide easier and more intuitive. Currently the browser contains 2748 TCGA images, both tumor and normal, including 1169 from ovarian serous cystadenocarcinoma, 1273 from glioblastoma multiforme and 306 from uterine corpus endometrioid carcinoma.
FUTURE DIRECTIONS
Our plans for the next year include providing users a way to bookmark a view both for themselves and to share with others. Internal progress has already been made allowing users to visualise their own patient-identifiable or unpublished data in a secure manner. We will also develop new viewing capabilities for multianalyte data, allowing user to view copy number, gene expression, and clinical data from the same set of samples within the same map. Finally, we are planning on displaying mutation data in a new heatmap visualization.
We will continue to expand the data we display from TCGA. Additionally, we will display the new public data from LINCS, which aims to use genome-wide expression profiling to catalog the cellular consequences of smallmolecule and genetic perturbations in a breadth of human cell lines. We plan to publicize and provide an API for our data format.
SUPPLEMENTARY DATA
